Introduction
The Rho family small GTP-binding proteins (G proteins) , consisting mainly of the Rho, Rac, and Cdc42 subfamilies (Rho, Rac and Cdc42, respectively) , regulate the actin cytoskeleton-dependent cell functions, including cell shape change, cell migration, cell adhesion, and cytokinesis (Hall, 1998; Takai et al., 2000) . In ®broblasts such as NIH3T3, Swiss 3T3, and COS7 cells, Rho regulates the formation of stress ®bers and focal adhesions; Rac regulates the formation of lamellipodia and rues; and Cdc42 regulates the formation of ®lopodia (Hall, 1998; Takai et al., 2000) . In epithelial cells such as MDCK cells, Rac and Cdc42 regulate cadherin-based cell ± cell adherens junctions (Hordijk et al., 1997; Takaishi et al., 1997; Jou and Nelson, 1998; Kodama et al., 1999) .
Like other G proteins, the Rho family members have two interconvertible forms: GDP-bound inactive and GTP-bound active forms (Hall, 1998; Takai et al., 2000) . Small G proteins are activated by GDP/GTP exchange proteins (GEPs). Many GEPs for the Rho family members have been isolated and characterized. Of these, we have isolated frabin as a GEP speci®c for Cdc42 (Obaishi et al., 1998) . This protein is an actin ®lament (F-actin)-binding protein and consists of the F-actin-binding domain (FAB), the Dbl homology domain (DH), the ®rst pleckstrin homology domain (PH1), the FYVE-®nger domain (FYVE) , and the second pleckstrin homology domain (PH2) in this order from the N-terminus. Frabin is highly homologous to FGD-1 (Pasteris et al., 1994) , -2 Gorski, 1999), and -3 (Pasteris et al., 2000) which have the same domain structures as that of frabin except that FGD-1, -2, and -3 lack FAB. FGD-1, -2, and -3 are mainly expressed in restricted tissues such as bone, spleen, and skeletal muscle, respectively (Pasteris and Gorski, 1999; Gorski et al., 2000; Pasteris et al., 2000) , whereas frabin is ubiquitously expressed (Umikawa et al., 1999) .
Expression of frabin forms ®lopodia-like microspikes through activation of Cdc42 in ®broblasts such as Swiss 3T3, NIH3T3, COS7 and L cells (Obaishi et al., 1998; Umikawa et al., 1999; Ono et al., 2000) . For this action of frabin, FAB in addition to DH and PH1 is necessary, although the fragment containing DH and PH1 shows GEP activity for Cdc42 in a cell-free assay system, suggesting that the association of frabin with the actin cytoskeleton is furthermore necessary for the microspike formation (Umikawa et al., 1999) . Similar results have recently been reported for Tiaml, a GEP for Rac (Michiels et al., 1995) , and Trio, a GEP for Rac and Rho (Debant et al., 1996) . Tiaml directly binds ankyrin, known to interact with another F-actinbinding protein, spectrin (Bourguignon et al., 2000) . This indirect association of Tiaml with the actin cytoskeleton plays a role in the Tiam-1-induced formation of lamellipodia and rues. Trio directly binds to an F-actin-binding protein, ®lamin (Bellanger et al., 2000) . This association of Trio with the actin cytoskeleton plays a role in the Trio-induced formation of rues. However, it has not been clari®ed how the direct or indirect F-actin-binding activity of these GEPs and small G protein-activating activity regulate cell morphology.
We have studied here the role and mode of action of FAB of frabin in the microspike formation. For this purpose, we have used here MDCK and COS7 cells as model cells, because we have previously shown that in MDCK cells, expression of frabin forms microspikes through activation of Cdc42 and Rac, but expression of a dominant active mutant (DA) of Cdc42 or Rac alone or both does not form microspikes such as lamellipodia and ®lopodia (Yasuda et al., 2000) , suggesting that an activity(ies) of frabin other than the activation of Cdc42 and Rac, most presumably the F-actin-binding activity, is furthermore necessary for the microspike formation. On the other hand, expression of Cdc42DA alone forms ®lopodia-like microspikes in COS7 cells (Umikawa et al., 1999) .
Results

Domains of frabin necessary for microspike formation
Expression of native full-length frabin (Myc ± Full) formed microspikes and expanded the basal cell surface in MDCK cells (Figures 1 and 2 ). The expression also increased accumulation of F-actin and E-cadherin at cell ± cell adherens junctions, but expression of Cdc42DA or Rac1DA alone or both did not form microspikes or expand the basal cell surface, although expression of Cdc42DA or Rac1DA alone increased the accumulation of F-actin at cell ± cell adherens junctions and stress ®bers (data not shown). These results are consistent with our earlier observations (Takaishi et al., 1997; Kodama et al., 1999; Yasuda et al., 2000) . Of these phenotypes, we focused here on the microspike formation. To examine which domain(s) of frabin is necessary for the microspike formation, we made various truncated mutants (Figure 1) . Expression of the truncated mutant containing FAB, DH, PH1, and FYVE (Myc-FAB-FYVE), or DH, PH1, FYVE, and PH2 (Myc-DH-PH2) did not form microspikes ( Figure  2 ). The same results were obtained with other truncated mutants, including Myc-FAB-PH1, Myc-FAB-DH, Myc-FAB, Myc-PH1-PH2, Myc-FYVE-PH2, and Myc-PH2 shown in Figure 1 (data not shown). These results indicate that the full length of frabin is necessary for the microspike formation in MDCK cells.
Microspike formation by coexpression of a fragment containing minimally FAB and dead DH with Cdc42DA
We made a full-length frabin mutant containing DH, which was made inactive to Cdc42 (dead DH) in vitro (data not shown) (Figure 1 ). Expression of this mutant (Myc-dead Full) alone or its coexpression with FLAGCdc42DA did not form microspikes, although the coexpression expanded the basal cell surface (Figure 3) . We then made various truncated mutants containing dead DH (Figure 1 ) and expressed them or coexpressed them with FLAG-Cdc42DA. Expression of the fragment containing FAB, dead DH, and PH1 alone (Mycdead FAB-PH1) did not form microspikes, but coexpression of this fragment with FLAG-Cdc42DA formed microspikes (Figure 3) . The same result was obtained with the fragment containing FAB and dead DH (Myc-dead FAB-DH) (data not shown). Coexpression of either of these fragments with FLAGRac1DA did not form microspikes (data not shown). The microspikes formed in this way were slightly thinner and shorter than those formed by native fulllength frabin. The reason for this slight dierence is not known, but the C-terminal region of frabin including at least FYVE and/or PH2 may be involved in the thickness and length of the microspikes in MDCK cells. Coexpression of the fragment containing FAB alone (Myc-FAB) with FLAG-Cdc42DA did not form microspikes (data not shown). Coexpression of the fragment containing FAB, dead DH, PH1, and FYVE (Myc-dead FAB-FYVE) with FLAG-Cdc42DA did not form microspikes, either (data not shown). These results indicate that both FAB and DH are minimally essential for the microspike formation.
Necessity of F-actin-binding activity of FAB for microspike formation
The ability of Myc-dead FAB-PH1 to form microspikes in cooperation with FLAG ± Cdc42DA was totally dependent on the ability of this fragment to bind to F-actin in vitro. We made one point mutant at FAB of this fragment (L23R or S78A) (Figure 1 ). Glutathione S-transferase (GST)-dead FAB-PH1 L23R lost F-actin-binding activity in vitro whereas GST-dead FAB-PH1 S78A showed it ( Figure 4A ). Coexpression of Myc-dead FAB-PH1 L23R with FLAG-Cdc42DA did not form microspikes in MDCK cells whereas coexpression of Myc-dead FAB-PH1 S78A with FLAG-Cdc42DA formed them ( Figure 4B ). Expression of full-length frabin which has the same one point mutation (L23R) did not form microspikes (data not shown). These results indicate that the F-actin-binding activity of FAB is essential for the frabin-induced microspike formation.
Cooperation of Cdc42-activating and F-actin-binding activities of frabin in microspike formation in COS7 cells
We have previously shown that expression of Cdc42DA alone or native full-length frabin alone forms microspikes such as ®lopodia in COS7 cells (Umikawa et al., 1999) , but the microspikes formed by FLAG-Cdc42DA were shorter than those formed by native full-length frabin (Myc-Full) ( Figure 5 ). Expression of Myc-dead FAB-PH1 alone did not form microspikes, but coexpression with FLAG-Cdc42DA formed microspikes similar to those formed by MycFull. Coexpression of Myc-dead FAB-PH1 L23R, which lost the F-actin-binding activity, with FLAGCdc42DA did not form microspikes (data not shown). These results indicate that the F-actin-binding and Cdc42-activating activities of frabin play a cooperative role in the microspike formation not only in MDCK cells but also in COS7 cells.
Discussion
We have shown here that coexpression of Myc-dead FAB-PH1 or Myc-dead FAB-DH with Cdc42DA forms microspikes. These microspikes are not simply due to the artifact of the overexpression of these fragments having F-actin-binding activity because of the following reasons: coexpression of Myc-dead Full or Myc-dead FAB-FYVE with Cdc42DA does not form microspikes under the conditions where coexpression of Myc-dead FAB-PH1 or Myc-dead FAB-DH with Cdc42DA forms microspikes in MDCK cells. Furthermore, a chimeric protein of frabin, of which FAB is replaced by that of afadin, does not form microspikes (data not shown). Afadin is an F-actinbinding protein that connects nectin, an immunoglobulin-like adhesion molecule , to the actin cytoskeleton at cadherin-based cell ± cell (Mandai et al., 1997) . It remains unknown why coexpression of Myc-dead Full or Mycdead FAB-FYVE with Cdc42DA does not form microspikes, but the C-terminal region of frabin including at least FYVE and/or PH2 may have an inhibitory eect.
It has been shown that the direct association of frabin and the indirect association of Tiaml and Trio with the actin cytoskeleton are necessary for their function to change cell morphology (Umikawa et al., 1999; Bellanger et al., 2000; Bourguignon et al., 2000) . Extending these earlier observations, we have shown here that coexpression of the frabin fragment minimally including FAB and dead DH with Cdc42DA forms microspikes in MDCK cells. Both the Cdc42-activating and F-actin-binding activities are essential for the microspike formation. However, coexpression of Myc-FAB with Cdc42DA does not form microspikes, indicating that an activity other than the Factin-binding and Cdc42-activating activities is additionally required for the microspike formation. The precise mode of action of frabin remains unknown, but one action of frabin may be that the N-terminal region including FAB and DH directly interacts with the preexisting cortical actin cytoskeleton and reorganizes it; and the other action may be that DH activates Cdc42 which then binds to its downstream eector, N-WASP (Miki et al., 1998) . The Cdc42-N-WASP complex then induces reorganization of the actin cytoskeleton through the Arp2/3 complex (Rohatgi et al., 1999) . The cooperation of these two-types of action cytoskeletal reorganization ®nally forms microspikes. It may be of importance which cortical actin cytoskeleton is recognized by the N-terminal region of frabin including FAB and DH. The speci®c recognition appears to be determined by these two domains, because coexpression with Cdc42DA of the fragment including FAB alone or the chimera protein of frabin of which FAB is replaced by that of afadin does not form microspikes.
Materials and methods
Materials and chemicals
A mouse anti-Myc monoclonal antibody (Ab) (9E10) was purchased from American type culture collection. A rabbit anti-Myc polyclonal Ab was obtained from MBL. A mouse anti-FLAG M5 Ab was obtained from Sigma-Aldrich, Inc. Rabbit skeletal actin monomer (Pardee and Spudich, 1982) and F-actin (Mandai et al., 1997) were prepared as described.
Construction, purification and expression
Eukaryote and prokaryote expression vectors of frabin were constructed in pCMV-Myc (Mandai et al., 1997) and pGEX-4T-1 (Amersham Pharmacia Biotech). Various constructs of frabin shown in Figure 1 and GST-dead FAB-PH1 S78A, aa 1-539 [substitution of TCA at codon 78 with GCA (Ser to Ala)]. The point mutations in FAB were introduced by the use of the QuikChange site-directed mutagenesis system (Stratagene). An expression vector of Cdc42DA (V12Cdc42Hs) or Rac1DA (V12Rac1) was constructed in pEF-BOS-FLAG to produce an N-terminal FLAG-tagged protein, FLAGCdc42DA or FLAG-Rac1DA, respectively. pEF-BOS-FLAG GST-dead FAB-PH1, GST-dead FAB-PH1 L23R or GST-dead FAB-PH1 S78A (each 2.2 mg of protein) was mixed with Factin (30 mg of protein), followed by ultracentrifugation. The comparable amounts of the supernatant and pellet fractions were subjected to SDS ± PAGE (13% polyacrylamide gel), followed by protein staining with Coomassie brilliant blue. S, supernatant fraction; P, pellet fraction; Arrow, actin; and arrowhead, GST-fusion protein. (b) Microspike formation. Myc-dead FAB-PH1 L23R or Myc-dead FAB-PH1 S78A was transiently expressed with FLAG-Cdc42DA in MDCK cells. The cells were triply stained with the anti-Myc and anti-FLAG Abs and rhodamine-phalloidin. Arrows, microspikes. Bars, 10 mm. The results shown are representative of three independent experiments was constructed by ligating oligonucleotides, TCT AGA CAT ATG GAC TAC AAG GAC GAC GAC GAC AAG GCT AGC GGA TCC TCT AGA / TCT AGA GGA TCC GCT AGC CTT GTC GTC GTC GTC CTT GTA GTC CAT ATG TCT AGA, into XbaI site of pEF-BOS (Mizushima and Nagata, 1990) . The GST-fusion proteins were puri®ed by the use of glutathione-Sepharose beads (Amersham-Pharmacia Biotech).
MDCK and COS7 cells were cultured in Dulbecco's modi®ed Eagle's medium supplemented with 10% fetal calf serum. MDCK and COS7 cells were transfected with the vectors described above by the use of the Lipofectamine 2000 reagent (Life Technologies) and FuGene6 (Roche), respectively, according to the manufacturer's protocols. At 16 h after the transfection, the cells were subjected to immunouorescence microscopy.
Other procedures
Immuno¯uorescence microscopy was done as described (Mandai et al., 1997; Takahashi et al., 1999) . Cosedimentation with F-actin was performed as described (Mandai et al., 1997) . Protein concentrations were determined with bovine serum albumin as a reference protein (Bradford, 1976) . SDSpolyacrylamide gel electrophoresis (PAGE) was done as described (Laemmli, 1970) . 
